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ABSTRACT

THE FLOW OF SUPERCRITICAL JET FUEL THROUGH A SIMPLE NOZZLE

Name: Bento, Jarrod Patrick
University of Dayton, 1999
Research Advisor: Dr. Jamie Ervin
Academic Advisor: Dr. Kevin J. Myers

Jet fuel is the main coolant in high-performance aircraft. Unfortunately upon
heating, the fuel reacts to form products, which can foul fuel lines, valves, nozzles and
other components. At low temperatures (40°C to 425°C) fuel degradation largely occurs
as dissolved oxygen reacts with the fuel to form surface deposits and other oxidized

products. At higher temperatures (above 425°C), the dissolved oxygen is depleted, and

the major fuel species begin to decompose by means of pyrolytic chemical reactions to
produce smaller hydrocarbon species, particulates, and surface deposits. Currently,
military engine manufacturers limit the bulk fuel temperature to 165°C, but it is expected

that future advanced fuel systems will operate at temperatures in the pyrolytic regime,

above the pseudo-critical temperature of commonly used jet fuels. In this research
pyrolytic surface deposition was found to exhibit a strong dependence on fuel pressure

and temperature. These pyrolytic reactions were capable of producing a much larger mass
of deposit than thermal-oxidative reactions.

iii

The physical injection and mixing mechanisms associated with a nozzle operating

under supercritical conditions will be very different from those occurring under
subcritical conditions. This paper presents images of the fuel flow exiting a simple nozzle
into both atmospheric and high pressure conditions (above the pseudo-critical pressure).

The fuel entering the nozzle ranges from subcritcal to supercritical temperatures. Using a
schlieren optics system, the images of fuel exiting into the pressurized chamber displayed
a significant decrease in penetration depth with increased temperature. The most dramatic

changes in the exiting flow pattern occurred near the pseudo-critical temperature of the
fuel.

The fouling of fuel system nozzles is important because accumulation of reacted
fuel products may severely reduce the fuel flow and alter the desired fuel spray pattern

entering the combustor. Several experiments were conducted to determine the location

and effect of pyrolytic surface deposition in a simple nozzle. The surface deposition
formed preferentially around contractions and expansions in the fuel flow. Even a small

mass of deposit was found to severely affect the performance of the simple nozzle.
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CHAPTER 1
INTRODUCTION

Fuel is the primary cooling medium in high-performance aircraft. With regard to
combustion, an increase in fuel temperature resulting from heat transfer within aircraft

components is beneficial for several reasons. For example, the specific energy of the fuel

is raised, atomization is improved, and evaporation is enhanced (Nickloaus and Lefebvre,
1987). Unfortunately upon heating, the fuel reacts to form products, which can foul fuel

lines, valves, nozzles and other components. If the fouling process is unchecked, there is
potential for catastrophic failure. At low temperatures (40°C to 425°C) fuel degradation
largely occurs as dissolved oxygen reacts with the fuel to form surface deposits and other

oxidized products (Hazlett, 1991). These complex thermal-oxidative reactions depend on
many factors including the fuel temperature, fuel residence time, velocity profile and

mixing, initial concentration of dissolved oxygen in the fuel, and the presence of
dissolved metals and other hetero-atomic species (Hazlett, 1991).

At higher temperatures (above 425 °C), the dissolved oxygen is depleted, and the
major fuel species begin to decompose by means of pyrolytic chemical reactions to
produce smaller hydrocarbon species, particulates, and surface deposits. In addition, it is

believed that a complex free radical mechanism (Atria and Edwards, 1996) is responsible
for fuel pyrolysis. Currently, military engine manufacturers limit the bulk fuel
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temperature to 165 °C (Edwards and Zabamick, 1993). It is expected that future Air
Force aircraft will have more demanding heat management requirements. Thus, advanced

fuel systems will likely operate at temperatures in the pyrolytic regime (Edwards and

Zabamick, 1993). The pyrolytic regime is further complicated by phase change
processes. Table 1 (Edwards and Zabamick, 1993) at the end of the chapter shows that

above 400 °C and at fuel system pressures, the fuel exists as a supercritical fluid with
gas-like diffusivity and viscosity. All of the chemical changes which occur are controlled

by physical characteristics of the fuel and fuel system, including the involved fluid
dynamics and heat transfer. Many of these characteristics vary during an aircraft or

missile mission, changing the location of maximum thermal gradients and region of
maximum chemistry. Thus, it is important to understand the fundamental processes that

occur upon using fuel as a coolant.
For purposes of combustion, conventional aircraft fuel nozzles atomize liquid fuel
streams into small, uniformly-sized droplets with the desired spray angle. Small droplets
permit more of the fuel to be exposed to the surrounding air, enhancing evaporation and

combustion. Under supercritical conditions, there can be large variations in density,
specific heat, speed of sound, viscosity, and thermal conductivity (Wu et al., 1996).

Moreover, under supercritical conditions the fuel will exit the nozzle as a gas-like fluid
rather than as a multitude of droplets. Thus, the physical injection and mixing
mechanisms associated with a nozzle operating under supercritical conditions will be

very different from those occurring under subcritical conditions.
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The fouling of fuel system nozzles is important because accumulation of reacted

fuel products may severely reduce the fuel flow and alter the desired fuel spray pattern
entering the combustor. For example, Nickolaus and Lefebvre (1987) studied the effects
of surface deposition resulting from thermal-oxidative reactions by passing fuel through

nozzles at constant temperature and flow rate. In this work, the pressure drop across the
nozzle provided an indication of the surface deposition. As deposition occurred within

the nozzle, the pressure drop increased due to reduction in the cross-sectional area
available for flow. The authors found that even small accumulations of surface deposits

severely distorted fuel spray patterns. Nickolaus and Lefebvre concluded that the pressure
drop across the nozzle provides a good indication of the accumulated mass of reacted fuel

products. Unfortunately, they did not measure the mass of surface deposits.

Pyrolysis and deposition resulting from jet fuel flowing at supercritical conditions
have been considered in many studies which used straight tubes (Edwards and Zabamick,

1993; Edwards and Liberio, 1994; Edwards and Atria, 1995; Atria and Edwards, 1996;

Corporan et al., 1999) and under static conditions (Yu and Eser, 1997). In a nozzle study
Wu et al. (1996) injected initially supercritical ethylene through an orifice and into a
large chamber filled with nitrogen at constant temperature and subcritical pressures. The

goal was to examine the effect of thennophysical and transport properties near the critical
point on shock structures, jet appearance, and choking. While this work is interesting, it is

desirable to conduct experiments which use a jet fuel that undergoes pyrolytic chemical
reactions at supercritical conditions. Knowledge of injection processes into surroundings

at supercritical conditions is important because supercritical conditions will exist in the
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combustion chamber of advanced aircraft (Edwards and Zabamick, 1993). To date, there
essentially have been no experimental studies of jet fuel flow at supercritical conditions
through a nozzle. The lack of work is probably due to the emphasis that has been

previously placed on low-temperature thermal-oxidative surface deposition. Moreover, it

is difficult to construct and use an experimental apparatus which can safely contain jet

fuel at the high pressures and temperatures characteristic of supercritical conditions.
Thus, there is a need to study the behavior of jet fuel existing at supercritical conditions
and flowing through a nozzle. The current research focuses on the flow of supercritical

fuel through a simple nozzle into an environment that is also at supercritical conditions.
Few studies have considered the flow of supercritical jet fuel through a nozzle

and, thus, more work needs to be done. The objectives of the current study are to:

1. Provide images of supercritical jet fuel exiting a simple nozzle into both atmospheric

and high pressure conditions. This will furnish designers with information on the

exiting flow pattern.
2. Determine the effect of fuel temperature, pressure, and mass flow rate on the exiting
flow pattern and penetration depth.

3. Determine the location and effect of pyrolytic surface deposition in a simple nozzle.
4. Correlate the mass of surface deposition within a nozzle to the pressure drop across
the nozzle, the wall temperature profile, and the fuel pressure, and thus provide

information on which parameters are of particular importance and what affect they
have on nozzle performance. All of the above will help designers and new CFD

codes construct and model supercritical nozzles and combustors.

5

Table 1: Pseudo-critical Properties of Jet Fuels and n-Paraffins
Pseudo-critical
Pseudo-critical
Temperature (°C) Pressure (MPa)
288-365
2.76-3.45
JP-4 (C8 5H16 9)
1.93-2.07
382-415
JP-5 (Cn.9H22.2)
1.86
405
JP-7 (Ci2IH24.4)
1.90-2.41
370-405
JP-8 (C10.9H20.9)
296
2.52
n-C8Hi8
386
1.81
n-Ci2H26
^Edwards and Zabamick, 1993

CHAPTER 2
EXPERIMENTAL APPARATUS

In the current study, three different kinds of experiments were performed. The
first focused on the injection of fuel initially at supercritical conditions into a chamber at

atmospheric conditions. These experiments provided initial information necessary for
hardware design and they provided an opportunity to examine the effect of fuel
temperature and mass flow rate on the exiting flow pattern for both a simple nozzle and a

more complex peanut nozzle. The second kind of experiment involved the flow of fuel
initially at supercritical conditions into a chamber maintained at supercritical pressures
and equipped with windows for flow visualization. The third kind focused on the effect

of surface deposits on the performance of a simple nozzle, considering the effects of

nozzle wall temperature and fuel pressure. Included in this third kind of experiment were
tests which examined thermal-oxidative and pyrolytic deposition in straight tubes.

Fuel. F3219, is a Jet A fuel with the properties given in Table 2 at the end of the
chapter. JP-8 additives (static dissipator additive, corrosion inhibitor, and fuel system

icing inhibitor as specified in MIL-T-83133D) and JP-8+100 additives (256 mg/L
BetzDearbom 8Q462 which consists of dispersant, antioxidant, and metal deactivator
additives) were added to neat F3219 fuel.

The JP-8+100 additives are intended to

enhance the thermal stability of the fuel and are a proprietary mixture of additives. The
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resulting combination of additives with the neat F3219 fuel sample is referred to here as
the "JP-8+100” fuel. This combination of additives has been found previously to
effectively suppress thermal-oxidative surface deposits and is a candidate for use in JP8+100.

Flow System. Figure 1 shows the major components of the experimental
apparatus (Phoenix Rig) which permits a wide range of flow rates, pressures, and

temperatures similar to those expected in advanced aircraft. (All figures and tables are
grouped at the end of each chapter.) A unique feature is that it can be operated for
extended periods at high pressures and temperatures. The fuel is supplied from a 190 liter
fuel tank that can be sparged with nitrogen and oxygen to adjust the dissolved oxygen

concentration within the fuel. The fuel level within the tank is monitored by a differential
pressure transducer. Two different pumps can be used with the flow system. A positive

displacement gear pump can provide pressures up to 6.89 MPa at a flow rate of 315

ml/min. Since this pump runs at a constant speed, a control valve within the bypass loop
about the pump controls pressure in the system. A valve near the exit of the flow rig

controls the flow rate. A second available pump, which is sometimes used, is a variablespeed positive displacement metering pump which provides pressures up to 6.89 MPa at a

flow rate of 100 ml/min. Since the flow rate is set at the pump, only the valve near the

end of the system is needed to back pressure the fuel line. A relief valve is incorporated
for safety purposes. An in-line flow meter measures the flow rate into the heater test

sections in ml/min (g/min = ml/min * 0.8 g/ml). The main fuel valve is a pneumatically
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driven ball valve which provides a means of eliminating fuel flow to the heated test
section during an accident.

Two different types of heaters are used for these experiments. The first consists of
a heated copper block. The blocks are comprised of two cylindrical halves which have a
7.62-cm diameter and a 45.7-cm length. Each half contains a 1500-Watt cartridge heater.

The cylindrical pieces, when clamped together, form a near-interference fit about the
stainless steel tubing through which the fuel passes. This arrangement reduces the

thermal contact resistance between the tube and the blocks. The first block encloses

9.525-mm OD tubing, while the other two blocks are used with 3.175-mm OD tubing.
Grooves machined into the cylindrical halves of the second heated block, permit multiple
passes of the tubing and fuel. A thermocouple embedded into one of the halves provides a

temperature signal to the controller for the cartridge heaters. Two blanket heaters actively
insulate the tubing exiting the heaters. In the present experiments, these three heated

blocks are used in series for purposes of preheating the fuel before it enters the test

section (furnaces).
The second kind of heater is a split-tube furnace that is mounted vertically and

employs radiant heating. The first of these furnaces has an active length of 91.4 cm and is
comprised of four 22.85-cm individually controlled heating zones. This furnace has a

12.7-cm inside diameter and a maximum output of 11,520 Watts. The second furnace has
an active length of 61.0 cm with three 20.33-cm individually controllable sections. This
7980-Watt furnace has a 12.7-cm inside diameter. Each furnace section has two K type

thermocouples which are surrounded by an Inconel sheath and are spring-loaded against
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the outside surface of the furnace using a bayonet mount. The maximum operating
temperature for the split tube furnaces is 1200°C. For straight tube deposition tests, a
single tube passes through the center of the furnaces. The tube is secured at the lower end

to the furnace base plate and is thermally isolated by means of a ceramic stand-off. To

accommodate thermal expansion, the upper end of the tubing is secured with a tensile
spring, attached by means of a ceramic stand-off.
A water-cooled heat exchanger reduces the temperature of the fuel to near

ambient conditions after the fuel exits the test section. Cooling the fuel allows safe fuel

sample collection and increases the useful life of the tube downstream of the heat

exchanger. Downstream of the control valve near the end of the system, the fuel is
diverted to a gas/liquid separator. Separation allows gas product samples to be analyzed

off-line using a GC-FID/TCD (gas chromatography-flame ionization detector/thermal
conductivity detector) system. The liquid portion of the stressed fuel is analyzed by

conventional GC-MS (gas chromatography-mass spectrometer) techniques. Beyond the
gas/liquid separator, the fuel exits to the scrap tank.

The system components interface with the control software through a distributed
intelligent input/output system. This system (I/O 95, MTL Inc.) consists of discrete
modules (programmable EPROM) connected through a network that permits

communication between the computer interface and the I/O modules. The system control
software (FixDMAC 32, Intellution Inc.) provides for continuous monitoring of all

pressure transducers, differential pressure transducers, flow meters, tubing wall
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temperatures, fuel bulk temperatures, control valve settings, oxygen levels in the heater

enclosure, fuel levels, and exhaust hood operation.
All tubing is 316 stainless-steel. The flow system is contained within an enclosure
(0.914 meters x 2.74 meters x 2.74 meters) comprised of aluminum panels that are

attached to a unistrut frame. The top panels are not fastened to the framing and have an
open area (130 cm2). The enclosure is continuously purged with a low mass flow rate of

nitrogen to reduce potential fuel vapor accumulation and minimize the oxygen
concentration. The oxygen concentration in the enclosure is monitored by two oxygen

sensors placed in front and back of the furnace assemblies. In addition, detectors (Figure

2) sense for the potential presence of hydrocarbons and flames.
Experiments With The Viewing Chamber At Ambient Conditions. Figure 3 is

a schematic of the flow system including a flow visualization chamber equipped with
quartz windows. In this paper these experiments will often be referred to as atmospheric

tests. Figure 4 shows the nozzle and the chamber used for flow visualization. For these

experiments the positive displacement gear pump was used in combination with the
control valve in the pump bypass loop (Figure 3). This control valve was adjusted by a
controller to maintain the desired fuel line pressure using the signal from a pressure
transducer. The fuel flow rate was not controlled. Specification of the fuel line pressure,
the temperature of the fuel before the nozzle, and the nozzle diameter determined the

flow rate. The fuel was heated by the preheaters and the lower furnace while the upper
furnace heated nitrogen from the house supply tank. In an attempt to reduce heat loss in

the fuel line between the furnace and the nozzle, the nitrogen was run alongside the fuel
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line and into the fitting shown in Figure 4. After heating, the fuel passed through the
nozzle and into a quiescent environment at ambient pressure and temperature conditions.

The viewing chamber collected fuel exiting the nozzle and directed it into the collection
tank which contained dry ice for purposes of condensing the fuel vapor.
The flow exiting a nozzle was recorded on video tape using simple back lighting

techniques and a Hi8 camcorder (Figure 5). The measured parameters were fuel flow
rate, pressure and bulk temperature before the nozzle, wall temperature of the nozzle, and
temperature of the fuel exiting the nozzle. In this set of experiments, three tests were

performed (Table 3). In two experiments a peanut nozzle with a flow number of 0.3 was
used. The flow number (FN) is

/VAT

(1)

where G is the mass flow rate of the fuel in ib/'hr and AP is the pressure drop across the
nozzie in psi. A peanut nozzle was selected because it is a complex injector found in

actual jet engines and contains internal swirl chambers designed to atomize a liquid spray
into small droplets, in the other experiment the simple nozzie consisted of a 15.88-mm
length of stainless-steel tubing with an inside diameter of 0.229 mm. The conditions for
these three experiments are displayed in Table 3. The third experiment will not be
discussed in this paper because its findings were nearly identical to those of the first

experiment. The pertinent figures for the third experiment can be seen in the appendix
(Figures 31 and 32).

Experiments With The Viewing Chamber At Supercritical Conditions. Figure

6 shows the flow system used when the viewing chamber was maintained at supercritical
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conditions. In this paper these experiments will often be referred to as the pressurized
chamber tests. For these experiments the variable-speed positive displacement metering

pump was used with the mass flow control valve (Figure 6). This valve and the regulator
for the pressurized nitrogen were adjusted manually to attain the desired chamber

pressure using the signal from the chamber pressure transducer. The pressure in the fuel
line upstream of the nozzle was not controlled. The pressure level was fixed by the

selected fuel flow rate, the fuel temperature within the nozzle, the chamber pressure, and

the nozzle diameter. In these experiments, the fuel was heated to the desired temperature

by the preheaters and the lower furnace. The upper furnace heated the pressurized
nitrogen.

Figure 7 shows an enlargement of the flow visualization chamber. After the fuel is

heated in the preheaters and the lower furnace, it passes through the nozzle and into the
flow visualization chamber with a co-axial flow of nitrogen. The accompanying flow of
nitrogen assists in maintaining a high nozzle wall temperature, and is used to simulate the

flow of air that ty pically enters an aircraft combustor. The chamber is equipped with

quartz windows on two sides for flow visualization and, unlike the chamber used in the

atmospheric tests, it is designed for a maximum pressure of 3.45 MPa. The windows
provide a 5.08-cm x 10.16-cm viewing area. Two 3.175-mm pipe taps allow for the
insertion of two 1.5875-mm K-type thermocouples into the flow. The pressure is

measured using an available pipe tap. The fuel and nitrogen exit at the bottom of the
chamber.

13

The nozzle consists of a 12.7-mm long stainless-steel tube with an outside
diameter of 1.5875 mm and an inside diameter of 0.254 mm. Figure 8 shows the nozzle

and its attachment to the larger fuel line tubing (3.175-mm OD, 1.397-mm ID). The
nozzle was inserted into the larger tubing after drilling a 1.60-mm hole 6.35 mm into the

larger tubing. The nozzle and the larger tubing were then welded together. In these
experiments, the fuel flow rate, fuel pressure upstream of the nozzle, bulk temperature
upstream of the nozzle, chamber pressure, temperature of the exiting fuel, temperature of

the nitrogen, and nitrogen flow rate were measured.

For these experiments a schlieren optics system (Figure 9) was used for flow
visualization. This flow visualization technique takes advantage of density differences. In
this optical method a parallel light beam passes through a test section. Each ray of the
light beam is disturbed by the non-uniform distribution of refractive indexes in the

flowing gas and is thus deflected from its original direction. The light is then collected by

a lens, at whose focus a knife-edge is placed, and passes onto a screen. The resulting
image displays dark and light regions depending on whether the refractive index

increases or decreases in the direction away from the knife edge (Eckert and Goldstein,
1976). In Figure 9 light originating from a Xenon flashlamp passes through a condenser

and a focusing lens and is then redirected by a 45° flat mirror to a 152.4-cm focal length
mirror which has a 15.24-cm diameter. This mirror then redirects the parallel light rays

through the test section where the rays are disturbed by the non-uniform distribution of
refractive indexes. Three other mirrors redirect and narrow the light rays so that a knife

edge can be used to block a portion of the light entering the collection camera. An image
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of the exiting flow pattern was recorded using a CCD camera connected to a Super VHS

VCR.

Surface Deposition Experiments. Figure 10 shows the flow system used for the
nozzle surface deposition experiments. The objectives of these experiments were to relate

the amount of surface deposition formed within a nozzle to the pressure drop across the
nozzle, and to study the effects of the wall temperature and fuel pressure on deposition. It
was, therefore, no longer necessary to keep the flow visualization chamber in the flow

system. The removal of the chamber allowed for longer testing times and the placement
of the nozzle in the furnace, thus allowing high temperatures to be reached without the

use of nitrogen. The flow system was arranged much like the previously described
straight tube deposition tests.

For these experiments the variable-speed metering pump was used. The fuel was

brought to a temperature of 270°C by the preheaters and a pressure of 4.58 MPa before
entering the lower furnace. Previous experiments using the Phoenix Rig preheaters have
show n that at the conditions of these tests (Table 4) all the oxygen initially present within

the fuel is depleted before reaching the furnace (Ervin et al., 1997). Only the lower

furnace was used to heat the fuel.

The nozzle (Figure 11) was placed inside the lower furnace 106.4 cm from the

bottom. Three thermocouples were welded to the 1.5875-mm OD nozzle section which
was 28.575 mm in length. The inside diameter of the 3.175-mm OD tubing leading to the

nozzle section was 2.159 mm. The inside diameter of the 3.175-mm OD tubing after the
nozzle section was 1.397 mm. The attachment of the smaller tubing to the larger sections
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of tubing with fittings increased the mass of the nozzle area causing it to be the hottest

section through which the fuel passed. The exiting bulk fuel temperature and the wall

temperature of the nozzle were measured. In addition, the pressure drop across the
furnace was monitored using two pressure transducers.

Each test was run for a predetermined length of time or until the pressure drop
across the nozzle became significantly large. Following flow of fuel through the tubes,

the tubes were removed, and the mass of carbon deposits in the tubing was measured
using a LECO Model LC-412 carbon analyzer. A baseline test was performed on an
identical piece of unused tubing to show the amount of carbon initially present. This can

be seen in the appendix (Figure 33). The conditions of the three tests performed for this

set of experiments are shown in Table 4.
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Table 2. Fuel Characteristics of Fuel F3219
Aromatics
17% (vol)
Total sulfur
321 ppm
Freeze point temperature -46.8 °C
Copper
<5 + 5 ppb
Zinc
<10 4^5 ppb
Iron
<10 +5 ppb

Table 3: Conditions for Atmospheric Tests
Test Number
1
2
Nozzle
Peanut Nozzle
Small ID SS
Tubing
Initial Fuel Line Pressure
5.62
3.40
(MPa)
Maximum Nozzle Wall
405
270
Temperature (C)
Maximum Fuel Bulk
655
478
Temperature Entering
Nozzle (C)
Flow Rate (ml/min)
94.0-0.0
110.0-27.5

Table 4: Conditions for Nozz e Deposiltion Experiments
Test Number
1
2
3
35
24
24
Startup time (minutes)
0
184
184
Steady state time (minutes)
900
700
770
Furnace temperature (C)
825
638
546
Highest wall temperature (C)
Bulk temperature out (C)
565
532
451
Flow rate (ml/min)
16
15.5
15.5
ID of nozzle section (mm)
0.254
0.508
0.508

Jo
Peanut Nozzle
5.62

400
558

88.9-23.5

Figure
1:

Activ e Insula tion

Schematic of Phoenix Rig for Straight Tubing Deposition Tests
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Figure 2: Phoenix Rig Heater Section Diagram

Furnaces
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™ KT

Fuel Collection Tank

Figure 3:Schematic of Modified Phoenix Rig for Atmospheric Tests
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Fuel from

Figure 4: Flow Visualization Chamber for Atmospheric Tests

Figure 5: Camera Setup for Atmospheric Tests
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Liq uid Sample

Mass Flow Con trol Valve

Figure 6: Schematic of Modified Phoenix Rig for the Pressurized Chamber Tests
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Fuel from

To Heat Exchanger

Figure 7: Flow Visualization Chamber for Pressurized Tests
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* All Dimensions are in millimeters

1.5875

Figure 8: Nozzle Used in Pressurized Chamber Tests

Figure 9: Schlieren Optics Setup on Phoenix Rig
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Figure 10: Schematic of Modified Phoenix Rig for Nozzle Deposition Experiments
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Figure 11: Location of Nozzle within the Furnace for Nozzle Deposition Tests

CHAPTER 3
RESULTS AND DISCUSSION

In this chapter, the results of the experiments in which fuel at supercritical
conditions is injected into a chamber held at atmospheric conditions are described. This

description is followed by the results of the experiments in which fuel at supercritical
conditions is injected into a pressurized chamber. Finally the results of the experiments
designed to examine the formation of surface deposits in a nozzle operating at

supercritical conditions are discussed.

3.1-Injection into Chamber Held at Atmospheric Conditions
These preliminary experiments permitted the effect of fuel temperature and mass
flow rate on the exiting flow pattern to be studied for both a peanut nozzle and a simple
nozzle. The experimental arrangement which relied on back-lighting (Figures 3-5) and a

summary of the test conditions (Table 3) were described previously in Chapter 2.
Peanut Nozzle. A peanut nozzle was selected for use in the current experiments

because it is commonly used in military aircraft. Figure 12, at the end of the chapter,
shows a plot of the bulk fuel temperature entering the peanut nozzle, the nozzle wall
temperature, the fuel temperature exiting the nozzle, the fuel pseudo-critical temperature

(390°C), and the fuel flow rate (Atmospheric Test 1). The inlet pressure was held
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constant at 5.62 MPa, the fuel temperature entering the nozzle reached approximately

650°C, and the flow rate was initially 94 ml/min (75.2 g/min). The experiment was
discontinued after a 42 minute period because the flow passages within the peanut nozzle

became blocked. The spray temperature was considerably lower than the fuel temperature
entering the nozzle because of several contributing factors. There may have been a
sizable temperature decrease associated with the sudden expansion of the fuel out of the
nozzle, the thermocouple measuring the spray temperature was about 1 cm below the
nozzle tip thus substantial cooling could have occurred, and there may have been

considerable heat transfer from the spray thermocouple to the surrounding atmosphere.
The mass flow rate of the fuel decreased throughout the course of the test because
the increasing fuel temperature led to decreasing fuel density. Equation 2 is often used to

describe the flow of liquids through orifices and nozzles (Lefebvre, 1989).

G = CO*4 *(2*P*AF)05

(2)

G is the mass flow rate, Cd is the discharge coefficient, Ao is the orifice cross-sectional
area, p is the density of the fluid, and AP is the pressure drop across the nozzle. This
equation is only accurate for incompressible flows. The discharge coefficient is only

dependent upon the geometry of the nozzle in pressure-swirl atomizers. Since the
pressure drop across the nozzle was held constant for these experiments, the mass flow

rate is proportional to the square root of the fluid density. This is also true for
compressible fluids (Equation 3) which will be discussed later. Figure 13 shows a plot of

the mass flow rate versus fuel temperature entering the nozzle for both this experiment
(Atmospheric Test 1) and that predicted by Equation 2. The density of the jet fuel has
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been estimated using Supertrapp, a program which provides properties of various
hydrocarbon species at a specified pressure and temperature. For the purpose of these

calculations n-dodecane (a major component of JP-8 jet fuel) was used to represent the

fuel. Cd * Ao was estimated using the initial conditions. The predicted and actual curve
are fairly close and both show a linear relationship. They would probably be even more
similar if the actual temperature of the fuel in the nozzle was used to estimate the density.

There was probably a considerable amount of cooling between the thermocouple

measuring the fuel temperature entering the nozzle and the nozzle itself since they were
10 cm apart. It should also be noted that the use of Equation 2 for the prediction of mass

flow rate becomes less accurate at higher temperatures (compressible flow).
Figures 12 and 14 are companion figures. In Figure 12, the labeled vertical lines

correspond to the conditions in which the four images of Figure 14 were recorded. Image
14A was taken as the inlet fuel temperature approached 100°C (line A of Figure 12).
Near 100°C, the fuel is at subcritical conditions, and the peanut nozzle produces a wide

(approximately 30°), atomized liquid spray. Peanut nozzles are designed to operate at low
temperatures in which the fuel exists as a liquid. The complex internal swirl chambers

within the peanut nozzle act to produce a finely atomized spray that would make for

efficient combustion. At region B of Figure 12, the temperature of the fuel entering the
nozzle has increased to 330°C. For this temperature, the spray angle has decreased

considerably (approximately 15°) and the fuel is not as well atomized as the previous
image (14A). Image 14C was recorded at an inlet fuel temperature of 380°C and a fuel
spray temperature of 150°C. The fuel spray exiting the nozzle has a spray angle similar to
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that of image 14B, and fuel vaporization near the nozzle outlet is discernible. As the fuel

temperature increases, the fuel exits the nozzle entirely as a vapor (Figure 14D) and is no
longer visible. This trend towards decreasing spray angle and atomization was in stark

contrast to the next test completed with a simple nozzle.
Simple Nozzle. For purposes of comparison with a peanut nozzle, a simple nozzle
was selected for the current experiment. Figure 15 shows a plot of the bulk fuel

temperature entering the simple nozzle, the nozzle wall temperature, the temperature of
the fuel exiting the nozzle, the pseudo-critical temperature (approximately 390°C), and
the fuel flow rate (Atmospheric Test 2). In contrast to the experiment of Figure 12, this

experiment used a simple nozzle at a lower pressure (3.40 MPa). A lower pressure level
was used in order to keep the initial mass flow rate (108 ml/min or 86.4 g/min) similar to
the peanut nozzle experiment. The bulk fuel temperature entering the nozzle was

increased to about 475°C before heating of the fuel was terminated (25 minutes) due to a
rapid decrease in fuel flow rate. The flow rate began to increase again upon cooling of the
fuel (28-32 minutes). The spray temperature in Figure 15 is very unstable because the

thermocouple was not well secured and therefore its position varied throughout the

course of the test.

The relationship between fuel mass flow rate and temperature is similar to what
was seen for the peanut nozzle. As before the mass flow rate varied with the fuel density

in the nozzle according to Equation 2. Since the pressure drop across the nozzle was held
constant, the mass flow rate is proportional to the square root of the fluid density. For a
plane orifice nozzle, the discharge coefficient is actually dependent upon the Reynolds
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number of the flow in the nozzle, though this dependence is small in the turbulent regime
(Lefebvre, 1989) and was neglected here. Figure 16 shows a plot of the mass flow rate

versus fuel temperature entering the nozzle for both this experiment (Atmospheric Test 2)
and what is predicted by Equation 2. As before, the density of the fuel has been estimated

using Supertrapp and the properties of n-dodecane, while Cd * Ao was approximated
using the initial conditions. The predicted and actual curve are fairly close and show

comparable relationships. Similar to the peanut nozzle experiment, the actual and
predicted curves would probably be more alike if the actual temperature of the fuel in the
nozzle was known since this is probably somewhat lower than the temperature entering

the nozzle. For the simple nozzle, the relationship between flow rate and temperature is

not linear as it was for the peanut nozzle. This is because the density change with
temperature for the lower pressure level (simple nozzle) is different from that of the
higher pressure level (peanut nozzle).

The vertical lines labeled with letters in Figure 15 correspond to the experimental

conditions of the images in Figure 17. Figure 17 shows images of the fuel exiting the
simple nozzle as the temperature entering the nozzle is increased. Image 17A was taken

at a bulk fuel temperature of approximately 190°C. At temperatures below this, the
simple nozzle produced a stream of liquid fuel similar to that of Figure 17A. Unlike the

fuel exiting the peanut nozzle, there was essentially no spray angle and little fuel
atomization. Figure 17B was recorded at an inlet fuel temperature of 310°C and a fuel
spray temperature of 140°C. The spray angle has increased dramatically and the fuel
appears to be atomized. For plain orifice nozzles the spray angle and the extent of

atomization is mainly dependent on the viscosity, surface tension, and turbulence of the
issuing jet. (Lefebvre, 1989) The surface tension of the fuel decreases with increasing

fuel temperature thus there is less resistance to the formation of new surface area. The
viscosity decreases with increasing temperature, which increases the Reynolds Number

(turbulence) and encourages the development of natural instabilities in the jet. The
increased temperature also increases the turbulence by raising the velocity of the exiting

jet. An increase in turbulence increases the ratio of the radial to the axial component of

velocity in the jet and thereby increases the cone angle (Lefebvre, 1989). Interestingly,
this trend of increasing spray angle and atomization with increasing temperature is
exactly the opposite of what was seen with the peanut nozzle in the first test. In contrast,

(Figure 14; image 14B) the fuel exiting the peanut nozzle had a smaller spray angle and
had become less atomized for similar conditions. It is unclear why the peanut nozzle

behaved in this manner, but it is believed that it could be due to the interplay between the
increasing fuel turbulence and the complicated nozzle geometry. Image 17C was taken
when the inlet fuel temperature reached 350°C and the fuel spray temperature approached

165°C. The fuel is now beginning to leave the nozzle as a vapor. As the temperature of
the fuel is further increased (line D of Figure 17) the fuel exits the nozzle in a vapor state

and the flow is no longer visible (Figure 17D).
These preliminary results raise some interesting concerns about the design of

nozzles for high temperature conditions. While the peanut nozzle atomized the fuel with a

wide spray angle at low temperatures (less than 250°C), it did not perform as well at
elevated temperatures. In fact, our simple geometry nozzle appeared to perform more
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efficiently than the peanut nozzle at temperatures above 380°C. The simple nozzle
provided a wider spray angle and better atomization at these higher temperatures.

Currently fuel temperatures within jet fuel lines are limited to 165°C. At these
temperatures fuel exists as a liquid and the peanut nozzles perform as designed. As the

fuel temperature is increased at elevated pressures, the liquid fuel becomes a supercritical
fluid. Under these conditions, the internal swirl chambers within a peanut nozzle no
longer serve to atomize liquid fuel and increase the pressure losses. Therefore, it is quite

possible that nozzles designed for fuel injection at supercritical conditions will be similar
to the simple nozzle used here since the combustion process would essentially involve the

mixing of gases. There are other issues which have to be addressed in the design of a

nozzle for injection of fuel at supercritical conditions, such as possible choking, pressure
losses, and surface deposition.

3.2-Injection into Pressurized Chamber

In Section 3.1 it was found that at elevated fuel temperatures (supercritical and
higher) the flow exiting a nozzle cannot be readily viewed with a camera alone. For this

reason, a schlieren optics arrangement (Chapter 2) was used. Because of the
uncomplicated geometry, the simple nozzle described previously (Figure 8) was used for

flow visualization using the schlieren technique. It is believed that the following schlieren
images of supercritical jet fuel exiting a nozzle into a supercritical environment are
among the first documented.
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Schlieren Images. Figure 18 contains nine Schlieren images captured at the
conditions listed in Table 5. The chamber pressure was maintained at 2.65 MPa

throughout the tests. The fuel is supercritical before it enters the nozzle and, at least
initially, supercritical upon exiting the nozzle in Images 18E through 181. The nitrogen

flow rate was 0.00708 SCMM (0.137 g/s). This flow rate ensured that the fuel and
nitrogen mass flow rates were nearly the same for most of the images in Figure 18. The

Reynolds and Mach numbers were estimated using the nozzle inlet conditions with
Supertrapp thermodynamic property routines for n-dodecane. Flow through the nozzle

was turbulent for all the images except 18A. Based on the calculated Mach number, it is

believed that the fuel flow did not reach a choked condition in any of the images.
In the flow arrangement of Figure 18, the supercritical fuel and nitrogen were in

co-flow from the top of the chamber. The solid black protrusion into the exiting flow near
the top of the chamber is a thermocouple which recorded the temperature of the

fuel/nitrogen mixture. Figure 18A was recorded before any heating of the fuel occurred.
In Figure 18A, the fuel, which is slowly evaporating into the nitrogen co-flow, is difficult
to see because it exits the nozzle in a very thin liquid stream at a low velocity. The

diameter of the liquid stream is expected to have a characteristic diameter similar to that
of the nozzle inner diameter (0.254 mm). This is because the radial velocity components

in laminar flow are not significant enough to disrupt the surface film, and since the jet is
injected into relatively slow-moving nitrogen the necessary conditions for atomization by

air friction forces does not exist (Lefebvre, 1989). Images 18B through 181 do not have
this visibility problem because the fuel flow in the nozzle is turbulent. When the flow at
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the nozzle is fully turbulent, the radial velocity component soon leads to disruption of the

surface film followed by general break up of the jet (Lefebvre, 1989). Therefore, the fuel
jet appears wider and darker than the accompanying flow of nitrogen. In Figure 18B the

temperature of the fuel entering the nozzle is 177°C and, as a consequence of the
temperature increase and change in transport properties, the Reynolds number increases

such that the flow becomes turbulent. The exiting jet is still liquid evaporating into the
nitrogen co-flow. The fuel flow pattern is not well defined, but can be distinguished and

penetrates far down into the chamber.

Images 18C through 181 show a dramatic change in the exiting flow pattern as the
fuel is heated from subcritical to supercritical conditions. A problem with the JP-8+100
jet fuel is that its critical temperature is not well defined because it is made up of
numerous components and its composition often varies. The pseudo-critical temperature

(Table 1) lies anywhere between 370°C and 405°C. Using the lower value for the pseudocritical temperature, the fuel enters and exits (at least initially) the nozzle at supercritical

conditions in images 18E through 181. Nothing would be visible at the conditions of these
images with normal back-lighting techniques.

Approximately the same fuel mass flow rate and spray width is maintained for
images 18C through 18G, but there is a considerable change in the penetration depth of
the fuel. The distance into the chamber where the fuel appears to become completely

mixed changed from 5.7 cm (image 18C) to 1.2 cm (image 18G). This length was

estimated by measuring the distance from the nozzle to the point where the fuel was no
longer distinguishable from the nitrogen. Images 18C and 18D exhibit a much longer
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penetration depth than images 18E through 18G, because the fuel is still entering and
exiting the nozzle as a liquid. The fuel jet in 18D is evaporating much quicker into the
nitrogen co-flow than the jet seen in 18C because of the increased temperature. As the

temperature continues to be raised, the fuel becomes supercritical near the conditions of
image 18E. At supercritical conditions the surface tension of the fuel vanishes and there
is no physical interface between the supercritical fuel and gaseous environment, except
for chemical composition and density (Lee et al., 1990). Unlike a liquid fuel jet, the

mixing process no longer involves evaporation of the fuel since it already exists as a
vapor-like fluid. It is therefore expected that the mixing process between the fuel and

gaseous environment will take place much quicker (Lee et al., 1990). A comparison of
images 18C and 18D to image 18E provides evidence of this. The quicker mixing of the

fuel results in the shorter penetration depth. As the fuel temperature continues to be
raised beyond the critical value, the penetration depth continues to decrease. This can be

seen by comparing images 18E, 18F, and 18G. The penetration becomes slightly smaller
with each increase in temperature. This trend is probably a result of the increased

turbulence of the exiting fuel jet, and the increased diffusivity between the fuel and
nitrogen. These changes, brought upon by the increased temperature, enhance the mixing

processes occurring between the fuel and nitrogen.

The fuel flow rate for images 18H and 181 was nearly double that of the previous
three images taken at supercritical conditions (18E through 18G). Not surprisingly, the
penetration depth of the fuel is longer when compared to the previous supercritical
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images. This is due to increased mass flow rate into the chamber, which extends the

amount of time required for complete mixing of the fuel and nitrogen.
These findings indicate a possible complexity with the use of supercritical jet fuel
in an aircraft engine. The penetration depth of the fuel into the chamber varied
significantly with the temperature and flow rate which, in turn, can vary considerably

during an aircraft or missile mission. This will cause the location and speed of the

combustion processes to vary, and this phenomenon must be accounted for in efficient
combustor design.
Comparison to Previous Work. It is believed that the images seen in Figure 18

are the first documented schlieren images of supercritical fuel exiting a nozzle into a
chamber which is also at supercritical conditions. This is important because the

combustion chambers of future aircraft will operate at conditions of high pressure
(Edwards and Zabamick, 1993). As described in Chapter 1, there has been some work

done with the injection of supercritical ethylene through an orifice (Wu et al.,1996). In
this work, supercritical ethylene was injected into a large chamber filled with nitrogen at

constant temperature and subcritical pressures. The goal was to examine the effect of
thermophysical and transport properties near the critical point on shock structures, jet
appearance, and choking. Similar to the schlieren images recorded here, their schlieren

images exhibit the same trend of decreasing penetration depth with increasing
temperature. The shape of the ethylene jets is quite different, though. In the work of Wu
et al. (1996), there is a sudden expansion in the ethylene flow at the nozzle exit because
of the subcritical pressure conditions within the test chamber. The expansion is followed
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by a slight narrowing of the flow until the ethylene disappeared from the field of view. In
contrast, Figure 18 shows a gradual widening of the exiting fuel jet as it flows down into

the chamber. This difference exists because Wu et al. (1996) operated under choked
conditions, thus the exiting ethylene flow exhibits the characteristics of an

underexpanded sonic jet (Wu et al., 1996). The conditions of the schlieren images of
Figure 18 insured that the exiting flow was subsonic.

3.3-Surface Deposition Experiments

The flow of a fuel at supercritical conditions through a nozzle is important.

However as a hydrocarbon fuel is heated, it may degrade to form surface deposits and
other products which can adversely affect fuel injection into the combustor. Thermaloxidative deposits which are found to occur within the subcritical thermodynamic regime

have been found to distort the exiting spray pattern, change the spray angle, and increase

the pressure drop across the nozzle (Nickolaus and Lefebvre, 1987). The effects of
pyrolytic surface deposits formed within a nozzle operating at supercritical conditions

appear to have gone unstudied. Thus, the following experiments provide information on
the location and mass of surface deposition in a simple nozzle (Figure 11), along with the
effect of surface deposition on nozzle performance. The conditions of the deposition tests

have been listed previously in Table 4 (Chapter 2).

Nozzle Surface Deposition Tests. In the first experiment, the temperature of the
furnace was ramped to a value of 900°C at a rate of 18°C/min. The high furnace

temperature was chosen in an effort to produce a large mass of surface deposits in a short
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amount of time. The pressure before the nozzle and the fuel flow rate were held constant

at 4.58 MPa and 15.5 ml/min, respectively. The experiment had to be discontinued
because surface deposits caused the nozzle to become choked. The choking process for

this test will be discussed in a later section. The interior furnace temperature provided

wall temperatures near 825°C in the nozzle area. Upon completion of the test, the mass of
surface deposition in the nozzle and the tubing downstream from the nozzle was

measured and is given in Figure 19. The temperatures in Figure 19 are the maximum bulk
and wall temperatures reached, just before the end of the test. Position zero represents the

entrance of the nozzle section (1.59-mm OD, 0.254-mm ID). Carbon measurements were
not performed on the tubing (3.18-mm OD) preceding the nozzle because the low wall

temperatures there provided less surface deposition.
Figure 19A shows that most of the carbon resides in the first half of the nozzle

and the heated section of 3.18-mm OD tubing following the nozzle. After the tube exits
the furnace, it is no longer actively heated, and the wall temperatures decrease. Thus, the

surface deposition in this region is minimal. There is a large difference between the

inside diameter of the nozzle (0.254 mm) and the tubing downstream from it (1.40 mm).

Thus, there is a large difference in the surface area available for surface deposition which
explains the decrease and then increase in surface deposition in the heated tube of Figure

19A. For this reason, the surface deposition is normalized using the inner surface area of
the tube (Figure 19B). Figure 19B shows that the first half of the nozzle section has a

significantly greater surface deposition rate than the heated tube of greater diameter. This
is probably due to the slightly higher wall temperature (compared to the other sections)
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and the sudden contraction in flow. The flow pattern of the fuel in the nozzle area is

shown in Figure 20. The effective area for flow gradually decreases as a sudden

contraction is approached and then continues to decrease, for a short distance, to what is

known as the vena contracta. The flow gradually approaches that of the smaller pipe after
the vena contracta (Coulson & Richardson, 1996). This flow pattern causes dead

recirculation zones in the large and small tube. The large mass of carbon found in the first

section of 3.18 mm OD tubing following the nozzle is caused by the sudden enlargement

in flow also shown in Figure 20. If the diameter of the pipe suddenly increases the
effective area available for flow will gradually increase from that of the smaller tube to

that of the larger one, leaving a dead recirculation zone (Coulson & Richardson, 1996).

For the rest of the experiments, larger ID tubing (0.508 mm) was utilized for the
nozzle in an attempt to avoid the choking problem seen in the first test. In the second

experiment the furnace was ramped (20°C/min) to 770°C and held there for 184 minutes

before the development of a large pressure drop. The highest wall temperature (638°C)
occurred on the lower portion of the nozzle near the inlet, and the bulk temperature
exiting the furnace remained near 532°C for the duration of the test. The pressure before

the nozzle and the fuel flow rate were held constant at 4.58 MPa and 15.5 ml/min,
respectively. Figure 21 shows surface deposition measurements for this experiment.
Unlike Figure 19, the wall temperatures in Figure 20 are average values recorded over the

entire test period. Again position zero is the beginning of the nozzle (1.59 mm OD, 0.508

mm ID). Figures 21A and 21B look quite similar to Figures 19A and 19B. Like the
previous experiment, most of the deposit accumulation occurred within the first half of
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the nozzle and the first section of larger tubing following the nozzle. As explained earlier,
this is due to the flow pattern in the nozzle (Figure 20). The first portion of the nozzle has

a higher percentage of the surface deposition than was seen in the Figure 19 experiment.
The large mass of surface deposition in the first portion of the nozzle becomes even more
evident upon normalization of the carbon mass over the surface area (Figure 2 IB). Unlike

the first experiment, the flow did not become choked even though approximately the

same mass of surface deposit formed. The reason for this is the larger nozzle ID used in
the second experiment

In another experiment, the furnace temperature was held at a lower temperature of

700°C for a period of 184 minutes. The pressure before the nozzle and the fuel flow rate
were held constant at 4.58 MPa and 15.5 ml/min, respectively. The highest wall

temperature (546°C) occurred on the upstream portion of the nozzle. In addition the bulk

fuel temperature exiting the furnace remained near 451 °C. Figure 22 shows the carbon
burn-off measurements for this experiment. As in Figure 21, the wall temperatures of

Figure 22 are average values recorded during the 184 minute test period. In Figure 22,
position zero is the nozzle inlet (1.59 mm OD, 0.508 mm ID). In contrast to the two other
deposition experiments, significant surface deposition only occurs in the larger tubing
after the nozzle. The rest of the tube, including the nozzle, showed little deposit

accumulation. (The baseline deposition curve has been included to emphasize this point.)
Carbon analysis was also performed on the larger tubing preceding the nozzle to validate
the earlier assumption that little surface deposition would occur in this area. The
assumption was found to be valid as this tubing did not register a significant mass of
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carbon. After normalizing the deposition using the interior surface area of the tube
(Figure 22B), it is apparent that the deposition rate is much smaller than the other
deposition tests. This is a result of the lower nozzle wall temperature. It is unclear why

the first section of larger tubing still exhibits such a large amount of carbon deposit. It

may be due to the slightly higher wall temperature, relative to the rest of the furnace

tubing, which exists at this position.
Table 6 summarizes the results described above. Although the first experiment

was of the shortest duration, it had the largest mass of surface deposits because of the
high wall temperatures attained. These high temperatures are believed to be responsible
for the significantly increased chemical reaction rates involved in the fuel pyrolysis. The

second test operated at wall temperatures nearly 90°C higher than those of the last

experiment resulting in more than eight times as much deposition. The two higher
temperature experiments (1 and 2) showed preferential deposition in the first half of the

nozzle, which is directly after the initial constriction in the flow. There was also a
relatively large amount of carbon found to reside in the first section of larger tubing
following the nozzle. It was theorized that the flow pattern in and near the nozzle was

responsible for the preferential deposit formation (Figure 20). The contraction and

expansion of the fuel lead to dead recirculation zones where large fuel residence times
allow more pyrolytic deposits to form. The preferential formation of surface deposits near

sudden changes in flow geometry is of concern for future aircraft. This would be
particularly important in the design of fuel injectors.
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Previous Pyrolytic Deposition Tests. The dependence of pyrolytic deposit
formation on wall and bulk temperature has been studied previously (Edwards and

Zabamick, 1993; Edwards and Liberio, 1994; Edwards and Atria, 1995; Edwards and
Atria, 1996; Edwards, 1996; and Corporan et al., 1999). All six papers predicted that very

little deposit would be seen in oxygen depleted fuel at the conditions of the third test

(wall temperature of 546°C, bulk temperature of 451 °C), which agrees well with the

previous observations made in this paper. Edwards and Zabamick (1993), Edwards and
Liberio (1994), Edwards and Atria (1995), Edwards and Atria (1996), Edwards (1996),
and Corporan et al. (1999) indicated that significant pyrolytic surface deposit

accumulation begins above a bulk temperature of 450°C. The amount observed depended
on the type of fuel examined, the additives present in the fuel, the length of the test, and
the fuel flow rate (residence time). If all other variables were held constant, the amount of
surface deposition was found to increase with increasing bulk and wall temperatures,
which correlates well with what was seen in the second and third nozzle deposition

experiments. A considerable mass of surface deposits was formed at the conditions of the
second test (wall temperature of 638°C, bulk temperature of 532°C), but even more was

measured for the more severe conditions of the first experiment (wall temperature of

827°C, bulk temperature of 565°C).
Chemical Analysis. Chemical analysis was performed for the nozzle deposition

tests using a GC-FID/'TCD system for the gas products and conventional GC-MS

techniques for liquid samples. Figure 23 shows the results of the liquid analysis for the
second and third tests of the nozzle deposition experiments. The n-Cjo through n-Cj5
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components are often used to measure the extent of pyrolytic reactions by comparing the
initial concentration in the original fuel to the concentration remaining in the thermally

degraded fuel (Corporan et al., 1999). Figure 23 shows a higher conversion of the large

alkanes for the second nozzle deposition experiment, indicating that pyrolytic reactions

occurred to a greater extent in the second experiment. These results correspond well to
the earlier carbon analysis which showed more surface deposits in the second experiment.
Figure 24 shows the composition of the gas sample for the second nozzle

deposition test. All the other experiments showed a similar composition. The gas

products were found to be composed of primarily small alkanes, alkenes, and hydrogen,
the typical components of thermally cracked fuel.

Pressure Drop Across the Nozzle. Figure 25 shows the amount of pressure drop

developed during three nozzle deposition experiments with identical 0.508-mm ID
nozzles. The second and third tests refer to the same two discussed previously (nozzle
deposition tests 2 and 3). Due to the large nozzle ID, all three tests exhibited essentially

no pressure drop during the initial portion of the test. As surface deposits began to form
in the nozzle the pressure drop across the nozzle began to increase, reaching its largest

value just before the shutdown of the test. The third experiment showed very little carbon

buildup and thus had a very small pressure drop. The second and fourth tests contained
far more carbon and thus the pressure drop developed across the nozzle became rather
significant. Increased pressure drop with increased surface deposits was also seen by

Nickolaus and Lefebvre (1987). In essence, the carbon deposits decrease the inside
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diameter of the nozzle thus increasing the resistance to flow and therefore the pressure

drop.

The increase in pressure drop with decreased inside diameter can be demonstrated
by assuming the flow of supercritical jet fuel through a nozzle is an isentropic process

and that the jet fuel behaves as an ideal gas at these conditions. These assumptions lead to

Equation 3 which describes compressible flow through a nozzle and an orifice (Coulson
and Richardson, 1996).
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In Equation 3, G is the mass flow rate, Ao is the nozzle area, p is the density before the

nozzle, P2 is the pressure after the nozzle, Pi is the pressure before the nozzle, and y is the
specific heat ratio. In this set of experiments the fuel was brought to the desired

temperature and then held there, thus y and pi of Equation 3 are essentially constant. The
pressure before the nozzle was kept constant at 4.58 MPa and the flow rate was set at the
pump to be 15.5 ml/min (2.58 x 10’7 kg/s). Since Ao is the only variable free to change

during a deposition experiment, the increase in the pressure drop can only be caused by
changes to Ao. Figure 26 shows a plot of the measured pressure drop for the fourth test
versus the time elapsed since the beginning of the experiment. Included on this plot is the

predicted pressure drop as a function of nozzle inner diameter. This inner diameter is
predicted using Equation 3 at the temperature, pressure, and flow conditions of the fourth
test (bulk fuel temperature of 505°C). Although the assumption that the supercritical fuel
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behaves as an ideal gas is not accurate here (compressibility factor of approximately
0.57), the two curves are similar in shape and it appears that, in the limit of choked flow,

they may share a limiting interior diameter. Figure 26 shows that the inner diameter of
the nozzle for the fourth test decreases from 0.508 mm to roughly 0.150 mm due to an

accumulation of 285 ug of surface deposition. The second test behaved similarly, while
the third test did not have enough deposition to cause an appreciable pressure drop.

According to the predicted curve of Figure 26, initially there is an insignificant
pressure drop across a 0.508 mm ID nozzle, but as the nozzle ID decreases, the pressure
drop grows rapidly. This growth in pressure drop continues until a Mach number of one
has been reached within the nozzle (0.131-mm diameter according to the predicted

curve). If the inner diameter continues to decrease, either the flow rate or the pressure
before the nozzle will be forced to change in order to maintain a unity Mach number.
Changes in the flow rate and pressure before the nozzle were not seen in the second and
fourth tests because a choked condition was never reached, but were quite evident in the

first test where a smaller ID nozzle was used. The conditions for the first test were
described previously in Table 6. Figure Y1 shows a plot of the pertinent variables
associated with the first test versus the time elapsed since the start of the test. For this
particular test the formation of surface deposits in the nozzle actually caused the fuel flow

to become choked. Near the 32 minute mark the pressure drop reached a value of 1.76
MPa which was apparently large enough to force the velocity within the nozzle to reach
Mach one. As the pressure drop increased, the flow rate declined and the pressure before

the nozzle increased in an effort to maintain the flow rate. This is the exact behavior

48
predicted above. There was 532 pg (Table 6) of carbon found in the nozzle, which is

more than tests 2, 3, and 4. This difference is even more significant when recalling that
the first test was run with a smaller nozzle (0.254 mm as compared to 0.508 mm), thus

less surface deposit would be needed to increase the pressure drop.

The above results discussing pressure drop show that the performance of a nozzle
can be adversely affected with a small mass of surface deposition. Even with nozzles of

large inner diameters, large pressure drops developed rapidly (within 30 minutes). If the

flow becomes choked, control of the mass flow rate and pressure in the fuel line becomes
impossible as the inner diameter of the nozzle continues to decrease. These large changes

in pressure across a nozzle can be caused by relatively small changes in the nozzle
diameter, fuel temperature, and mass flow rate.
Straight Tubing Tests. It is more convenient to perform deposition tests using

straight tubes. Straight tubes minimize the possibility of plugging the tubing, simplifies

the geometry, eliminates any problems caused by pressure drop across the furnace, and
allows an experiment to be conducted safely for long periods of time. Thus, a study on

the effects of pressure level and wall temperature on deposition at supercritical conditions

can be more easily completed. Several straight tubing deposition tests were run as part of
the Corporan et. al study (1999). The conditions examined during these tests were quite

similar to those seen in the above nozzle deposition experiments.

The experimental facility for these straight tubing deposition tests was described
previously in Chapter 2. Four tests of particular interest will be discussed. Two were run

at 4.38 MPa while the other two were run at 3.72 MPa. In all four tests only the top and
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bottom furnaces were used to heat the fuel. The furnaces were set at a temperature of
920°C for a period of 20 hours with a flow rate of 32 ml/min. The inside diameter of the
furnace tubing was 2.16 mm.
Upon completion of a test, the entire furnace tubing was removed in order to

perform a carbon analysis. The results are displayed in Figures 28 and 29. The first peak
seen in both figures around a wall temperature of 340°C was caused by oxidative

deposits. The second peak, between 600°C and 750°C, was caused by pyrolytic deposits.

The location of these peaks has been observed previously (Edwards and Zabamick, 1993;
Edwards and Atria, 1995; Edwards, 1996; and Corporan et at, 1999). At both pressures
the amount of oxidative deposits was much less than the amount of pyrolytic deposits. At

4.38 MPa the oxidative deposits appeared to be nearly insignificant. This difference

would be even more pronounced had the fuel been heated to even higher temperatures.
While oxidative deposits stop forming upon complete consumption of the dissolved
oxygen in the fuel, pyrolytic deposits continue to form until the fuel has been completely

cracked which would occur at temperatures higher than those observed here. It appears

that pyrolytic deposits will prove to be more troublesome than oxidative deposits because
there is no limiting reactant as in the case of thermal-oxidative chemistry. At higher
temperatures, pyrolytic deposits have been known to completely plug normal 2.16 mm ID

tubing. Therefore, plugging of smaller nozzle passages would not be difficult.
There was a large difference in the amount of carbon detected at these two
pressures. Figure 30 helps visualize this fact. While the amount of oxidative deposits
were almost identical, the amount of pyrolytic deposits seen at 4.38 MPa are nearly
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quadruple those observed at 3.72 MPa. This result was a little surprising since no
previous literature could be found that studied the effect of pressure on carbon deposit
mass. Yu and Eser (1997, 1998a, and 1998b) have noted that the product distributions of
model jet fuels exhibited a large pressure dependence when undergoing thermal

decomposition under supercritical conditions. A possible explanation for these results is
the compressible nature of supercritical fuel. The formation of oxidative deposits takes

place via liquid phase reactions which, due to a liquid's incompressible nature, are not
significantly affected by pressure. On the other hand, pyrolytic deposits form at

supercritical conditions where the fuel exhibits high compressibility and slight changes in
pressure result in large variations in the density (Yu and Eser, 1997). These reactions

probably take place in a manner similar to gas phase reactions. Due to the compressible
nature of the fluid, increases in pressure increase the rate of the bimolecular reactions

which lead to deposit formation. These results merit further investigation.
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Figure 13: Flow Rate versus Temperature for Peanut Nozzle Experiment (Atmospheric
Test 1, Pressure = 5.62 MPa)
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14A

14B

14D
14C
Figure 14: Images of Fuel Flow Exiting the Peanut Nozzle (Atmospheric Test 1)
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Temperature (C)

Figure 16: Flow Rate versus Temperature for Simple Nozzle Experiment (Atmospheric
Test 2, Pressure = 3.40 MPa)
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Figure 17: Images of Fuel Flow Exiting the Simple Nozzle (Atmospheric Test 2)
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Figure 18: Schlieren Images of Fuel Flow Exiting a Simple Nozzle into a High Pressure
Chamber
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Figure 19: Surface Deposition within and following the Simple Nozzle (Test 1; Plot AActual Mass; Plot B-Mass Normalized over Internal Surface Area )
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Figure 20: Flow Pattern of Fuel in Nozzle Used for Deposition Tests
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Figure 21: Surface Deposition within and following the Simple Nozzle (Test 2; Plot A
Actual Mass; Plot B-Mass Normalized over Internal Surface Area )
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Figure 22: Surface Deposition within and following the Simple Nozzle (Test 3; Plot AActual Mass; Plot B-Mass Normalized over Internal Surface Area )
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Table 6: Summary of Surface Deposition Results for the Nozzle Deposition Tests

Test Number
Carbon (pg)
Carbon(pg/cm2)
Highest Nozzle Wall
Temperature (C)
Bulk Temperature
Exiting Furnace (C)
Test Duration (min)

1
532
4666
827

2
436
1911
638

3
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229
546
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Figure 23: Percentage of n-Cio to n-Cj5 Remaining in Liquid Products (Nozzle
Deposition Tests 2 and 3)
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Component

Figure 24: Gas Products for Nozzle Deposition Test 2
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Figure 25: Pressure Drop versus Carbon Mass for Nozzle Deposition Tests
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Figure 26: Effect of Decreasing Nozzle Inside Diameter on Pressure Drop across the
Nozzle

Figure 27: Behavior of Nozzle at Choked Conditions (Nozzle Deposition Test 1)
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Figure 28: Straight Tubing Surface Deposition (Flow = 32 ml/min, Pressure = 4.38 MPa, 20 hours)
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Figure 29: Straight Tubing Surface Deposition (Flow = 33 ml/min, Pressure = 3.72 MPa, 20 hours)
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CHAPTER 4
CONCLUSIONS AND RECOMMENDATIONS

Conclusions. Images of supercritical jet fuel exiting from a simple nozzle into
both an atmospheric and supercritical environment have been presented. The preliminary

atmospheric experiments permitted the effect of fuel temperature and mass flow rate on

the exiting flow pattern to be studied for both a peanut nozzle and a simple nozzle. These
results raised some interesting concerns about the design of nozzles for high temperature

conditions. While the peanut nozzle atomized the fuel with a wide spray angle at low
temperatures (less than 250°C), it did not perform as well at elevated temperatures. In

fact, our simple geometry nozzle appeared to perform more efficiently than the peanut
nozzle at fuel inlet temperatures above 380°C. The simple nozzle provided a wider spray

angle and better atomization at these higher temperatures. Therefore, it is quite possible

that nozzles designed for fuel injection at supercritical conditions will be similar to the
simple nozzle used to conduct these experiments.

The injection of supercritical fuel into a pressurized chamber allowed the effect of
fuel temperature and mass flow rate on the exiting flow pattern and penetration depth to

be examined. These findings indicated a possible complexity with the use of supercritical

jet fuel in an aircraft engine. The penetration depth of the fuel into the chamber varied

significantly with the temperature and flow rate which, in turn, can vary considerably
71
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during an aircraft or missile mission. These variations will cause the location and speed

of the combustion processes to change, and this phenomenon must be accounted for in an

efficient combustor design.
Experiments designed to correlate the mass of pyrolytic surface deposition within

a nozzle to the pressure drop across the nozzle, the wall temperature profile, and the fuel
pressure have also been presented. The higher temperature experiments showed
preferential deposition in the first half of the nozzle, which is directly after the initial

constriction in the flow. There was also a relatively large amount of carbon found to
reside in the first section of larger tubing following the nozzle. It is believed that the flow

pattern in and near the nozzle was responsible for the preferential deposit formation. The
contraction and expansion of the fuel lead to dead recirculation zones where large fuel
residence times allowed more pyrolytic deposits to form. The preferential formation of
surface deposits near sudden changes in flow geometry is a concern for future aircraft and

is of particular importance in the design of fuel injectors.

It was also shown that the performance of a nozzle operating with fuel at

supercritical conditions can be adversely affected by a small mass of surface deposits.
Even with nozzles of large inner diameters, large pressure drops developed rapidly

(within 30 minutes). If the flow becomes choked, control of the mass flow rate and
pressure in the fuel line becomes impossible as the inner diameter of the nozzle continues
to decrease. These large changes in pressure across a nozzle can be caused by relatively
small changes in the nozzle diameter, fuel temperature, and mass flow rate.
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Several straight tubing deposition experiments showed that pyrolytic surface

deposition is highly dependent on temperature and pressure. At fuel temperatures greater

than 450°C surface deposits begin to form. The rate of formation was found to increase

considerably with both increased temperature and increased pressure. It was concluded
that the pressure dependence was a result of the compressible nature of fuel at

supercritical conditions.
In conclusion, there are some considerable concerns which will have to be

addressed when designers and new CFD codes attempt to construct and model
supercritical nozzles and combustors. The injection of supercritical fuel will be much

different from the current practice of liquid fuel injection. The nature of the combustion
process will be considerably different and the variation of penetration depth with mass

flow rate and temperature will have to be addressed. Due to the severe conditions

characteristic of supercritical conditions, pyrolytic surface deposits can become a

significant problem in the nozzle. Deposit formation can lead to changes in the nozzle
performance, and can cause difficulties with control of the fuel flow rate and pressure
level. One possible solution to the formation of pyrolytic surface deposits may be the use
of additives to delay or alter the pyrolytic reactions. While these initial concerns seem

significant they may be overcome by more research, thus providing a better
understanding of the supercritical fuel injection process.
Recommendations. There are several areas that should be explored by future

research. Additives that reduce pyrolytic surface deposits could increase the maximum

operating temperature for nozzles functioning with supercritical fuel. Some additive
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research has already been done with varying degrees of success. Secondly, the flow of

supercritical fuel through the nozzle could be modeled using computational fluid
dynamics (CFD) techniques. A CFD analysis would increase understanding of the flow

pattern in the nozzle, and thus allow for better nozzle design. Such an analysis may allow
the elimination or minimization of the recirculation zones, which were found to increase
surface deposition. The next step would be to examine the combustion of supercritical jet

fuel.

APPENDIX
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Figure 31: Temperature and Flow Rate for Peanut Nozzle Experiment (Atmospheric Test 3, Pressure = 5.62 MPa)
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32C
32D
Figure 32: Images of Fuel Flow Exiting the Peanut Nozzle (Atmospheric Test 3)
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Figure 33: Surface Deposition within and following the Baseline Nozzles
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